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ABSTRACT
A new stable phosphorus ylide (p-tolyl)3P¼CHCOC6H4(p-CN) (Y)
was synthesized and a series of novel complexes based on
metalated phosphorus ylides were prepared through the reaction
of (p-tolyl)3P¼CHCOC6H4(p-CN) with mercury(II) halides, AgNO3
and Cd(NO3)2 in equimolar ratios using MeOH or CH2Cl2 as
solvent. Characterization of the obtained compounds was also
performed by elemental analysis, FT-IR, 1H, 31P, and 13C NMR
techniques. The crystal structure of complex [Y!HgCl2] was
determined by X-ray diffraction method, in which the coordin-
ation of the prepared ylide occurred to the Hg center in a sym-
metric halide-bridged structure. The structure and nature of Hg-C
bond in the aforementioned complex were studied based on DFT
method using Natural bond orbital (NBO), Energy-decomposition
analysis (EDA) and ETS-NOCV. The antibacterial applicability of the
synthesized mercury(II) complexes was explored against five
Gram-positive and four Gram-negative bacteria types. The novelty
of the presented work is: (1) the synthesis of five new complexes,
(2) conducting theoretical and (3) biological investigation of the
prepared complexes.
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1. Introduction
Phosphorus ylides have high versatility in the applications as pharmaceutical and
biological active agents and also a wide scope of suitability in industrial and chemical
processes [1–7]. Thus, synthesis and application of the metalated phosphorus ylides
has attracted attention. The stability of the phosphonium ylides with the formula
[R3P¼CHCOR]þ can be attributed to the ambidentate nature and this property guar-
antees their applications as ligands with two sites for coordination (C and O coordin-
ation sites). In previously reported keto-stabilized ylides with soft metal ions such as
Hg(II), Pd(II), Pt(II), Ag(I), Au(I) and Au(III), coordination through carbon atom is more
predominant [8–12] and there are few examples of O-coordinated ylides [13–16].
Some of these examples are including O-coordinated ylide to a hard metal center,
very oxophilic metal center, such as Sn(IV) [13, 14] or group four metals with a high
oxidation number e.g., Ti(IV), Zr(IV) and Hf(IV) [15]. Only in W(0) complexes of the type
[W(CO)5L] where L is ylide [16] and Pd(II) complexes of the stoichiometry
[Pd(C6F5)L2)(APPY)](ClO4) [17] (APPY¼ Ph3CCOMe; L¼ PPh3, PBu3; L2 ¼ bipy) contain
stable ylides O-linked to a soft metal center. The resonance form of a typical ambiden-
tate phosphonium ylide is depicted in Scheme 1. In the a-keto-stabilized ylides, coord-
ination through carbon is more perfect and is observed with soft metal ions, e.g.
Hg(II), Ag(I), Cd(II) [8, 18, 19]. In these types of phosphonium ylides, according to the
Pearson acid-base theory [20], it can be concluded that the soft metal ions will be
coordinated via the soft ylidic carbon site as opposed to the hard carbonyl oxygen
atom in the ligands which will coordinate to the hard metal ions.
In recent years, many attempts have focused on the topic of the preparation of bio-
logically active compounds that can affect the bacterial growth by deactivation of the
bacteria’s resistance mechanism as a major reason for the treatment of some infec-
tious diseases [21, 22].
Inorganic antibacterial materials have aspects like chemical stability, thermal resist-
ance, greener nature and also long-lasting action time perspective and inorganic
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antibacterial motifs to proceed the common traditionally used materials [23]. In this
work, we aim to develop the scope of complexes with this type of ambidentate
phosphorus ylide, and to study the bonding properties of these type of complexes.
We also report characterization of a series of complexes based on the reaction of a
phosphorus ylide (Y) with mercury(II) halides, AgNO3 and Cd(NO3)2 as a metal core.
2. Experimental
2.1. Materials and physical measurements
All starting materials were obtained from Merck chemical company and used without
purification. FT-IR spectra were recorded on a Shimadzu 435-U-04 FT spectrophotometer
using KBr pellets from 400-4000 cm1. The 1H, 31P and 13C NMR spectra were recorded on
250MHz Bruker spectrometers in DMSO-d6 and CDCl3 as a solvent at 25 C. Chemical
shifts (ppm) are reported according to internal standard TMS for (1H NMR and 13C NMR)
and H3PO4 (85%) for (
31P NMR). Melting points were recorded on a SMP3 apparatus.
2.2. Synthesis of phosphonium salt (p-tolyl)3PCH2COC6H4 (p-CN) (1)
To a round bottom flask containing a mixture of (p-tolyl)3phosphine (0.4 g, 1mmol)
and 2-bromo-4-cyanoacetophenon (0.3 g, 1mmol), dry acetone (5mL) was added as
solvent. The resulting mixture was stirred at 40 C for 18 h. The obtained white powder
was washed repeatedly with petroleum benzene (15mL) and thoroughly dried. Yield
0.65 g (92%). m.p. ¼ 156-168 C, IR (KBr pellet), m (cm1): 1678 (CO). 1H NMR (CDCl3), d
(ppm): 6.22-6.26 (d, 2 H, 2JPH ¼ 10Hz, CH2), 2.15 (s, 9 H, 3CH3), 7.26-8.55 (16H, m, aro-
matic). 31P NMR (CDCl3), d (ppm): 20.52 (s).
13C NMR (CDCl3), d (ppm): 21.84 (s, 3CH3),
38.52-39.5 (d, JPC ¼ 61.64Hz, CH2), 115.99-146.10 (m, aromatic), 191.51 (d, CO), 114.52
(s, CN) (see supplementary file).
2.3. Synthesis of phosphorus ylide (p-tolyl)3P¼CHCOC6H4(p-CN) (Y) (2)
The prepared phosphonium salt (s) (1mmol, 0.6 g) was moved to a 10-mL round bot-
tom flask containing an aqueous NaOH 0.5M (10mL) and stirred at 40 C for 18 h. The
product was obtained as a white powder and washed with distilled water, filtered and
dried. Yield 0.53 g (88%). m.p. ¼ 158-160.5 C. IR (KBr pellet), m (cm1): 1576 (CO). 1H
NMR (CDCl3), d (ppm): 7.28-8.02 (16 H, m, aromatic), 4.42 (s, 1 H, ylidic CH), 2.40 (s, 9 H,
3CH3).
31P NMR (CDCl3), d (ppm): 15.68 (s).
13C NMR (CDCl3), d (ppm): 21.56 (s, 3CH3),
52.84-54.6 (d, ylidic CH), 119.20-145.91 (m, aromatic), 181.88 (s, CO), 112.23 (s, CN) (see
supplementary file).
Scheme 1. Possible resonance structures of a typical phosphonium ylide.
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2.4. Synthesis of complexes fY!HgX2g (3-5)
To a 25-mL round bottom flask containing ylide (Y) (1mmol, 0.6 g) and HgX2 (X¼Cl,
Br, I) (1mmol), dry MeOH (10mL) was added as solvent, and the resulting mixture was
stirred for 7 h at ambient temperature to yield the related complexes. Then, the result-
ing white powder as product was filtered off, washed repeatedly with petroleum ben-
zene and dried to obtain pure complexes (3-5).
[Y!HgCl2]2 (3): Yield 0.86 g (92%). Anal. Calc. for C60H52Cl4Hg2N2O2P2: C, 50.31; H,
3.61. Found: C, 50.31; H, 3.76%. m.p¼ 200-204 C. IR (KBr pellet), m (cm1): 1647 (CO).
1H NMR (DMSO), d (ppm): 7.41-8.10 (16H, m, aromatic), 5.25 (d, 1 H, ylidic CH), 2.36 (s,
9 H, 3CH3).
31P NMR (DMSO), d (ppm): 20.78 (s). 13C NMR (DMSO), d (ppm): 21.54 (s,
3CH3), 50.00-51.4 (d, ylidic CH), 119.06-144.13 (m, aromatic) 113.6 (s, CN) (see supple-
mentary file).
[Y!HgBr2]2 (4): Yield 0.80 g (88%). Anal. Calc. for C60H52Br4Hg2N2O2P2: C, 44.58; H,
3.22. Found: C, 44.51; H, 3.19%. m.p. ¼ 200-204 C. IR (KBr pellet), m (cm1): 1638 (CO).
1H NMR (DMSO), d (ppm): 7.40-8.10 (16 H, m, aromatic), 5.23 (br, 1 H, ylidic CH), 2.37
(s, 9 H, 3CH3);
31P NMR (DMSO), d (ppm): 20.10 (s); 13C NMR (DMSO), d (ppm): 21.50
(s, 3CH3), 49.3-50.68 (d, ylidic CH), 118.95-144.04 (m, aromatic), 186.75 (d, CO) 113.58
(s, CN) (see supplementary file).
[Y!HgI2]2 (5): Yield 0.90 g (90%). Anal. Calc. for C60H52I4Hg2N2O2P2: C, 39.93; H,
2.88. Found: C, 39.82; H, 2.78%. m.p. ¼ 107-111 C. IR (KBr pellet), m (cm1): 1636 (CO).
1H NMR (DMSO), d (ppm): 7.2-8.13 (16 H, m, aromatic), 5.21-5.24 (d, 1 H, ylidic CH), 2.11
(s, 9 H, 3CH3).
31P NMR (DMSO), d (ppm): 16.72 (s). 13C NMR (DMSO), d (ppm): 21.59 (s,
3CH3), 49.99-51.39 (d, ylidic CH), 119.11-144.00 (m, aromatic), 186.61 (s, CO), 113.56 (s,
CN) (see supplementary file).
2.5. Synthesis of complex fY!Cd(NO3)2g (6)
To a 10-mL round bottom flask containing Cd(NO3)24H2O (1mmol, 0.5 g) in dry MeOH
(15mL), ylide (2) (1mmol, 0.7 g) was added. The resulting mixture was stirred for 7 h
at ambient temperature. The solvent was slowly evaporated in a dark place. Then, the
resulting yellow precipitate was washed with petroleum benzene (10mL) and dried to
obtain pure complex 6. Yield 0.45 g (45%). m.p. ¼ 148-159 C. IR (KBr pellet), m (cm1):
1600 (C¼O). 1H NMR (DMSO), d (ppm): 7.32-8.00 (16H, m, aromatic), 4.51-4.60 (d, 1 H,
ylidic CH), 2.33 (s, 9 H, 3CH3).
31P NMR (DMSO), d (ppm): 15.02 (s). 13C NMR (DMSO), d
(ppm): 21.51 (s, 3CH3), 51.26-53.00 (d, ylidic CH), 119.43-145.72 (m, aromatic), 180.6 (s,
CO), 111.81 (s, CN) (see supplementary file).
2.6. Synthesis of complex fY!AgNO3g (7)
This reaction was performed under light-free conditions. To a 25-mL round bottom
flask containing AgNO3 (1mmol, 0.3 g) in CH2Cl2 (10mL), ylide (2) (3mmol, 1.5 g) was
added. The resulting mixture was stirred for 7 h at ambient temperature. The solvent
of obtain mixture was slowly evaporated in a dark place. Then, the resulting brown
precipitate was washed with petroleum benzene (10mL) and dried to obtain pure
complex (7). Yield 0.43 g (43%). m.p. ¼ 250-243 C. IR (KBr pellet), m (cm1): 1683 (CO).
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1H NMR (DMSO), d (ppm): 7.26-8.05 (16H, m, aromatic), 4.51-4.6 (d, 1 H, ylidic CH), 2.36
(s, 9 H, 3CH3);
31P NMR (DMSO), d (ppm): 17.74 (s); 13C NMR (DMSO), d (ppm): 21.51 (s,
3CH3), 124.01-143.4 (m, aromatic), 119.22 (s, CN) (see supplementary file).
2.7. X-ray crystallographic studies
A suitable crystal was selected and mounted on a Rigaku Oxford Diffraction
SuperNova Dual source diffractometer (Cu at zero) equipped with an Atlas CCD
detector using x scans and MoKa (k ¼ 0.71073Å) radiation. The crystal was kept at
100 K during data collection. Using the Olex2 graphical user interface software [24],
the structure was solved by direct methods using the ShelXS structure solution pro-
gram and refined by full-matrix least-squares on F2 using the ShelXL program package
[25, 26]. Non-hydrogen atoms were anisotropically refined and the hydrogen atoms in
the riding mode with isotropic temperature factors fixed at 1.2 times U(eq) of the par-
ent atoms (1.5 times for methyl groups).
2.8. Computational methods
The geometries of compounds [Y!HgX2]2 (X¼Cl, Br, I; Y ¼ f(ptolyl)3P¼CHCOC6H4(p-
CN)g) have been optimized without symmetry constraints at the BP86 [27, 28]/def2-
SVP [29] level of theory using the Gaussian 09 [30]. BP86 is the conjunction method of
Beck (1998) and Perdew (1986) that is abbreviated as BP86. It is a pure density func-
tion that is reliable for heavy computing [22, 31–47]. On the other hand def2-SVP is a
basis set of Ahlrichs and coworkers that is refer to the initial formation of the split
valence and triple zeta basis set [29]. It has been shown that BP86 [27, 28]/def2-SVP is
a suitable level for the calculation of bonding situation between the M L in similar
synthesized complexes that has been reported before [22, 31–47]. All calculations
were performed using the Gaussian09 set of programs. Natural bond orbital (NBO)
analyses [48] were also carried out with the internal model Gaussian09. The observed
geometry of the synthesized compound was used by Sabounchei and coworkers as a
basis for the DFT calculations of compound.
Amsterdam density function (ADF) is a powerful DFT software in understanding and
predicting the structures. The energy-decomposition analysis (EDA) in ADF is an
important method for bonding analyses. Energy-decomposition analysis (EDA) were
carried out to analyze the nature of the C (Ylide)!Hg bond in the aforementioned
complexes. EDA in ADF package were conducted at BP86/TZ2P (ZORA)//BP86/def2-SVP
with C1 symmetry. In theoretical studies the basis set functions used in ADF are
known as slator type orbitals. The ZORA/TZ2P is one of the standard basis sets avail-
able in ADF that are provided for all of elements. The ADF package that is used in this
study is ADF2013.01. The combination of extended transition state (ETS) method with
the natural orbitals for chemical valence (NOCV) theory creates ETS-NOCV tool (some-
times referred to as EDA-NOCV) [49]. ETS-NOCV is a useful tool to quantitatively ana-
lyze chemical bonds. With respect to EDA-NOCV method, individual contributions of
pairwise interactions were studied in the mentioned complexes in section 2.
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2.9. Antibacterial activity
2.9.1. Test organisms for antibacterial assay
The standard strains of the following microorganisms were used as test organisms:
Escherichia coli (PTCC 10009), Bacillus cereus (ATCC 7064), Bacillus subtilis (ATCC 6633),
Esudomonas fluorescens (PTCC 1181), Staphylococcus saprophyticus (ATCC 15305),
Staphylococcus aureus (ATCC 6538), Staphylococcus aureus (ATCC 25923), Klebsiellaoxytoca
(Lio). Some microorganisms were obtained from Persian Type Culture Collection (PTCC),
Tehran, Iran and others were locally isolated (Lio). The organisms were sub-cultured in
nutrient broth and nutrient agar (Oxiod Ltd.) to be used in experiments, while diagnostic
sensitivity test agar (DST) (Oxoid Ltd.) was used in antibiotic sensitivity testing.
3. Results and discussion
Ligand 2 was prepared by the reaction of (p-tolyl)3phosphine and 4-(2-bromoacetyl) ben-
zonitrile for 18 h (1:1 molar ratio) in dry acetone in 40 C, followed by treating with NaOH
as base for removal of the proton from the phosphonium intermediate salt (Scheme 2).
Then, the prepared phosphorus ylide is employed as a ligand for the synthesis of
five complexes based on metalated phosphorus ylides through the reaction with (a)
mercury(II) halides, (b) AgNO3 and (c) Cd (NO3)2 (Figure 1).
3.1. Spectroscopy
The structures of the prepared ylide and its metalated complexes were confirmed by
using IR, 1H, 31P and 13C NMR analysis and the obtained data were inserted in Table 1.
In IR spectrum, the vibration mode of carbonyl functional group in ylide occurs at
1576 cm1, similar to other reported literature [50]. The synthesis of complexes based
on metalated phosphorus ylides through the coordination with carbon atom can be
confirmed by increasing in m(CO) vibration mode. The vibration mode of carbonyl
functional groups in prepared complexes appears in the range of 1598-1679 cm1,
and the coordination of the ylide through carbon causes a significant increase in
m(CO) frequently. Also, the vibration mode of (Pþ-C-) occurs in the range of
801-807 cm1 compared with the m (Pþ-C-) ¼ 880 cm1 for free ylide [50, 51].
The 31P NMR data (1 and 2) can display singles at 20.52 and 15.68 ppm, indicating
PCH2CO and PCH group, respectively. The
31P chemical shift amounts for the
complexes appear to shift downfield in comparison with 31P signal of the free ylide,
indicating that coordination of the ylide has occurred (Table 1).
The 1H NMR data (1) displays two doublets at 6.22-6.26 ppm, with a coupling con-
stant 2JP-H of 10Hz, due to a CH2 group of 2-bromo-4-cyanoacetophenon system
Scheme 2. Preparation of the phosphorus yilde 2 as a stable ligand.
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bonded to a phosphonium moiety [50, 51]. The 1H NMR data (2) displays a broad at
4.42 ppm. This compound indicates upfield shifts considered to that phosphonium of
the phosphonium salt (1). Accordingly, we propose some increase of electron density
in the P-C bond. The 1H NMR data of complexes indicate that the complexes occur at
low field as expected upon complexation. Generally, the 1H NMR signals for the PCH
group of all complexes are shifted downfield in comparison to those of the free ylides,
(a) (b)
(c)
Figure 1. Chemical structures of the prepared complexes bearing metal ions (a: HgX2 (X¼ Cl,
Br, I), b: Cd(NO3)2 and c: AgNO3 with (Y)).
Table 1. Extracted analysis data for prepared salt, ylide and complexes.
Compound
 (C¼O)
(cm1)
1H NMR
d (ppm)
13C NMR (CH2)
d (ppm)
13C NMR (C¼O)
d (ppm)
31P NMR
d (ppm)
Salt (S) 1678 6.22-6.26 (d) 38.52-39.5 191.51 20.52
Ylide (Y) 1576 4.42 (br) 52.84-54.6 (d) 181.88 15.68
Y!HgCl2 1647 5.25 (br) 50.00-51.4 (d) – 20.78
Y!HgBr2 1638 5.23 (br) 49.3-50.68 (d) 186.75 20.10
Y!HgI2 1636 5.21-5.24 (d) 49.99-51.39 (d) 186.61 16.72
Y!Cd(NO3)2 1600 4.51-4.60 (d) 51.26-53.00 (d) 180.6 15.02
Y!AgNO3 1683 4.51-4.6 (d) – – 17.74
br, broad; s, singlet; d, doublet.
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as a result of the inductive effect of the metal center [52, 53]. The 13C NMR data of
the complexes is the upfield shift of the signals due to the ylidic carbon atoms. Such
upfield shift observed in the complexes was ascribed to change in coordination of the
ylidic carbon [54]. The most attractive characteristic of the 13C NMR spectra of the
complexes is the upfield shift of the signals due to the ylidic carbon. Similar upfield
shifts of 2-3 ppm with reference to the parent ylide were also observed in the case of
the mercury cyclopentadienyl complex [17] and in our synthesized Hg(II) complexes
[53, 55]. The 13C shifts of the CO group in the complexes are around 190 ppm, com-
pared to 186.7 ppm for the same carbon in the original ylide, indicating reduction
shielding of this carbon atom of the CO group in these complexes. Selected NMR data
for all complexes and parent ylides are reported in Table 1.
3.2. Crystal structure determination of [Y!HgCl2]
Table 2 provides the crystallographic results and the refinement information for com-
plex Y!HgCl2. The molecular structures are shown in Figure 2. Colorless single-crystals
of C60H52Cl4Hg2N2O2P2 [Y!HgCl2] were grown by vapor diffusion of ether into an
acetonitrile/deutero-chlorform solution. The Hg(II) center in complex Y!HgCl2 is sp3
hybridized and has a tetrahedral coordination environment with one short terminal
Hg-Cl bond, one Hg–C bond and two asymmetric bridging Hg–Cl bonds.
3.3. Theoretical studies
The structures of complexes [Y!HgX2]2 have been optimized at the BP86/def2-SVP
level of theory. These optimized structures and the trends for the variation of the
corresponding bond lengths are shown in Figure 3. As can be seen in Figure 3, by
changing Hg2X2 fragment from Hg2Cl2 to Hg2I2, the C!M bond lengths increase in
the following order: Hg2Cl2 > Hg2Br2 > Hg2I2. In this regard, the largest (2.42 Å) and
the shortest (2.27 Å) C!M bond lengths are related to complexes [Y!HgI2]2 and
[Y!HgCl2]2, respectively.
Table 2. Crystal data and structure refinement for Y!HgCl2.
Identification code Y!HgCl2
Empirical formula C60H52Cl4Hg2N2O2P2
Formula weight 1437.96
Temperature/K 100.0(1)
Crystal system Monoclinic
Space group P21/c
a/Å 11.3167(9)
b/Å 27.3858(14)
c/Å 11.0536(9)
a/ 90
b/ 117.284(10)
c/ 90
Volume/Å3 3044.6(5)
Z 2
qcalcg/cm
3 1.569
l/mm-1 5.305
F(000) 1400.0
Crystal size/mm3 0.35 0.217 0.145
Radiation MoKa (k¼ 0.71073)
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Interaction energies DEint (in kcal mol
1) between the studied phosphonium ylide
(Y) and Hg2X2 fragments in optimized structures of complexes [Y!HgX2]2 were calcu-
lated at BP86/def2-SVP level of theory according to the following equation:
DEint ¼ EAB  ðEAAB þ EBABÞ (1)
where EAAB (in kcal mol
1) represents the electronic energy of sulfonium ylide and
the phosphonium ylide fragments and EBAB (in kcal mol
1) represents the electronic
energy of Hg2X2 fragments in optimized structures. The interaction energies (DEint)
between the (Y) and Hg2X4 fragments are illustrated in Table 3. The results show that
Hg C bond interaction energies can be attributed to the strong ligand-metal interac-
tions and decrease by changing the X atom from Cl to I in the complexes as following
order: Hg2Cl4 > Hg2Br4 > Hg2I4. These data are in good agreement with the calculated
Hg C bond length for the complexes, and show that the complexes [Y!HgI2]2 and
[Y!HgCl2]2 with lowest (-57.04 kcal mol1) and the highest (-100.04 kcal mol1)
amount of interaction energies have the largest (2.42 Å) and the shortest (2.27 Å)
C!M bond lengths, respectively. More investigation about C!Hg bonding interaction
is extracted from NBO analysis. This method gives a more accurate and quantitative
determination about C!M bonding interaction. The partial charge amounts of the
C(Ylide), Hg atoms and Hg2X4 (X¼Cl, Br and I) fragments are illustrated in Table 4.
Concerning complexes [Y!HgX2]2, the C(Ylide) atom and Hg2X4 fragments in the
complexes carry the negative partial charges and Hg atom carries the positive partial
charges. This may concern from charge transfer from phosphonium ylide (Y) as Lewis
base to Hg2X4 fragments as Lewis acids in the complexes (see Table 4).
Figure 2. ORTEP view of X-ray crystal structure of [Y!HgCl2]2.
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The Wiberg bond indices (WBIs) for C!Hg bonds of complexes [Y!HgX2]2 are
given in Table 4. The results show that the highest value of WBI (0.427) for
C!Hg bonds is due to [Y!HgCl2]2 which has the highest (-100.04 kcal mol1)
amount of interaction energies and the shortest (2.27 Å) C!Hg bond length. In
recent years, Morokuma [56] and Ziegler et al. [57] presented the “energy
decomposition analysis” (EDA) method. With the help of this technique, a
quantitative computational pattern for the explanation of the strength of M L
r donation, and M!L back bonding in the main group and transition metal
complexes with different types of ligands is in hand [22, 31–47, 56–63]. EDA is a
suitable method to characterize the ratio between ionic and covalent share of
binding especially in metal complexes. The bonding analysis in terms of
energy-decomposition analysis of all aforementioned complexes was carried
out at BP86/TZ2P(ZORA)//BP86/def2-SVP with C1 symmetry using the program
package AADF2013.01.
Figure 3. The optimized structures of complexes [Y!HgX2]2 (X¼ Cl, Br, I) at the BP86/def2-SVP
level of theory. Bond lengths are given in Å; bond angles in degrees.
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In the EDA calculation, DEint consists of four main parameters illustrated in eq. 2:
DEint ¼ DEelstat þ DEPauli þ DEorb þ DEdisp (2)
where DEelsta is the electrostatic interaction, DEPauli is Pauli repulsion, DEorb is orbital inter-
action, and DEdisp is dispersion energy between two fragments. Table 5 represents the
results of EDA for all of the aforementioned complexes. The strength and nature of
donor acceptor bonds between the two-electron donor phosphonium ylide (Y) and
HgX2 in optimized structures of complexes [Y!HgX2]2 were also investigated. Results
show that the interaction energies calculated at BP86/TZ2P(ZORA)//BP86/def2-SVP by
EDA are in good agreement with those obtained from BP86/def2-SVP and in following
order: [Y!HgCl2]2 > [Y!HgBr2]2 > [Y!HgI2]2. The breakdown of the DEint values into
the Pauli repulsion DEPauli and the two attractive components shows that roughly 60%
comes from the electrostatic attraction DEelstat and 40% comes from the orbital term
DEorb. Thus, it can be concluded that the nature of bond between two investigated frag-
ments in the complexes is more electrostatic (Table 5). With respect to EDA-NOCV
method, individual contributions of pairwise interactions are also possible. The most
important of these portions are illustrated in Figure 4, showing the important deform-
ation densities Dq and the associated energy values which provide about 70% of the
overall orbital interactions for the complexes [Y!HgX2]2. Visual inspection of Dq1 and
Dq2 deformation densities in [Y!HgX2]2 confirms the Hg Y r donation from lone pair
of C(ylide), atoms of phosphonium ylide (Y) to empty orbitals of Hg atom in HgX2 frag-
ments. Also, the shapes of orbital pairs Dq3 and Dq4 deformation densities confirm the
Table 3. DEint (kcal mol
-1) for [Y!HgX2]2 (X¼ Cl, Br, I).
Complex EAAB :HgX2 E
A
AB :ylide EAB :Complex DEint (HF
) DEint (kcalmol1)
[fPh3PCHCOC10H7g!Hg2Cl4] 2147.6949 3258.283938 5406.14 0.16009 100.4563643
[fPh3PCHCOC10H7g!Hg2Br4] 10603.824 3258.288613 13862.20 0.11587 72.70808249
[fPh3PCHCOC10H7g!Hg2I4] 1498.7204 3258.291245 4757.10 0.0909 57.04224507

HF: Hartree energy, is the unit of energy in the Hartree atomic units system. DEint(HF)627.5095 ¼ DEint (kcalmol-1).
Table 4. Wiberg bond indices (WBI) of C-M bond and natural charges of C and M atoms and
Hg2X2 fragment in complexes [Y!HgX2]2 (X¼ Cl, Br, I) at BP86/def2-SVP level of theory.
Complex WBI Hg C(carbene) Hg2X2
[f(p-tolyl)3PCHC(O)C6H4-p-CNg!HgCl2]2 0.427 0.61 0.965 0.52
[f(p-tolyl)3PCHC(O)C6H4-p-CNg!HgBr2]2 0.385 0.49 0.947 0.56
[f(p-tolyl)3PCHC(O)C6H4-p-CNg!HgI2]2 0.363 0.32 0.927 0.58
Table 5. EDA (BP86/TZ2P(ZORA)//BP86/def2-SVP) of complexes [Y!HgX2]2 (X¼ Cl, Br, I) with the
C1 symmetry. Data in parenthesis is the portion in percent.
Complex name [Y!HgCl2]2 [Y!HgBr2]2 [Y!HgI2]2
DE int 89.76 67.97 52.09
DEpauli 253.84 205.06 182.12
DEelast 208.58(60.70) 165.78(60.71) 141.44(60.39)
DEorb 135.02(39.30) 107.25(39.29) 92.77(39.61)
DEorb, rd 46.3 36.87 32.82
DEorb, rd 45.07 35.41 31.00
DEorb, rbd 6.43 5.22 4.15
DEorb, rbd 6.53 5.017 4.11
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Hg!Y r back-donation in the complexes. Note that the color in Figure 4 denotes the
charge flow, which is from the red to the blue region.
3.4. Sensitivity testing
For bioassays, the suspension of approximately 1.5 108 cells/mL in sterile normal saline
was prepared as described by Forbes et al. [64]. The sensitivity testing was determined
Figure 4. Deformation densities associated with the most important orbital interactions of com-
plexes [Y!HgX2]2 (X¼ Cl, Br, I) at BP86/def2-SVP level of theory.
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using agar-gel diffusion method [65]. In each disk, 20mL of each chemical, containing
10 mg in DMS, was loaded. The minimum inhibitory concentration (MIC) of chemicals was
also determined using a two-fold dilution method [66]. The isolated bacterial strains were
first grown in a nutrient broth for 18 h before use. The inoculum suspensions were stand-
ardized and then tested against the effect of the chemicals at the amount of 20mL for
each disk in DST medium. The plates were later incubated at 37 ± 0.5 C for 24 h after
which they were observed for zones of inhibition. The effects were compared with the
standard antibiotic chloramphenicol at a concentration of 1mg/mL [67]. The minimum
inhibitory concentrations (MIC) of the studied chemicals (Y and its metal complexes)
were also determined by tube dilution techniques in Mueller-Hinton broth (Merck)
according to NCCLS [68]. The experiments were repeated at least three times for each
organism and the data were presented as the mean± SE of 3-5 samples.
3.5. Antibacterial properties
Antibacterial properties of the complexes were studied against a number of Gram-positive
and Gram-negative bacterial strains (Table 6). In this work, we reported antibacterial activity
of some mercury(II) halides complexes and (Y). DMSO was used as a control in a similar
manner to the prepared solutions of the compounds. Chloramphenicol was used as refer-
ence drug. The chemicals inhibited the growth of bacterial strains producing a zone diam-
eter of inhibition from 7±2 to 32±4mm, depending on susceptibility of the tested
bacteria. For antibacterial activity, [Y!HgCl2] and [Y!HgI2] had the greatest activity
against Bacillus subtilis and Staphylococcus auruginosa. Since comparison of the size of
inhibition zones is generally not trustworthy, the MIC values of the compounds were also
determined. Table 6 also indicates that complex had significant antibacterial activities on
the gram-positive bacteria and had no inhibition effect on the gram negative test bacteria
(Escherichia coli (PTCC 10009), Esudomonas fluorescens (PTCC 1181), Klebsiella oxytoca (Lio))
and Bacillus cereus (ATCC 7064), Bacillus subtilis (ATCC 6633), Staphylococcus saprophyticus
(ATCC 15305), Staphylococcus aureus (ATCC 6538), Staphylococcus aureus (ATCC 25923)).
ATCC, American Type Culture Collection; PTCC, Persian Type Culture Collection.
4. Conclusion
In this work, we have reported the synthesis of a new stable phosphorus ylide,
(p-tolyl)3P¼CHCOC6H4(p-CN) (Y), as ligand for the preparation of a series of binuclear
Table 6. Antibacterial activity of the studied chemicals that was expressed as diameter of inhib-
ition zone (mm) and minimum inhibitory concentration.
Bacteria HgI2 HgBr2 HgCl2 (Y) Control (DMSO) Chlorampheniol
Escherichia coli (PTCC 10009) 30 ± 4 25 ± 4 25 ± 4 8± 2 – 15 ± 4
Esudomonas fluorescens (PTCC 1181) 19 ± 2 14 ± 2 14 ± 2 – – 18 ± 2.5
Klebsiella oxytoca (Lio 26 ± 4 12 ± 2 12 ± 2 – – 21 ± 3
Bacillus cereus (ATCC 7064) 26 ± 3 21 ± 2 24 ± 3 – – 28 ± 3
Staphylococcus saprophyticus (ATCC 15305) 29 ± 3 23 ± 3 24 ± 3 – – 25 ± 4
Staphylococcus aureus (ATCC 6538) 20 ± 2 11 ± 2 14 ± 2 – – 27 ± 4
Staphylococcus aureus (ATCC 25923) 32 ± 4 27 ± 3 30 ± 5 10 ± 2 – 22 ± 4
Bacillus subtilis (ATCC 6633) 32 ± 2 30 ± 3 32 ± 4 7± 2 – 24 ± 3
MIC (mg/mL) 4 4 8 32 – 4
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complexes based on metalated phosphorus ylides through the reaction of the phos-
phorus ylide with mercury(II) halides, Cd (NO3), Ag (NO3) in equimolar ratios. The struc-
ture of the complexes was confirmed using IR, 1H, 31P and 13C NMR analysis. Single-
crystal X-ray diffraction analysis verified the coordination of the prepared ylide to the
used metal through the ylidic carbon atom by detecting the symmetric halide-bridged
binuclear structure of complex HgCl2. For further investigation in metal-ligand bond
interactions, a theoretical study on the structure and nature of the C!Hg bond in
[Y!HgX2]2 (X¼Cl, Br, I; Y ¼ f(p-tolyl)3P¼CHCOC6H4(p-CN)g) was conducted at the
BP86/def2-SVP level of theory. The results show that Hg C bond interaction energies
can be attributed to the strong ligandmetal interactions and decrease by changing
the X atom from Cl to I in the complexes as Hg2Cl4 > Hg2Br4 > Hg2I4. The highest
value of WBI for C!Hg bonds is due to [Y!HgCl2]2 which has the largest amount of
interaction energies and the shortest C!Hg bond length. EDA calculations show that
the main part of interaction energies in C-Hg bond comes from electrostatic interac-
tions. The results confirmed that sigma interactions are very important in these com-
plexes and charge transfer from phosphonium ylide as Lewis base to Hg2X4 fragments
as Lewis acids in these complexes is clear. In another study, the antibacterial applic-
ability of the synthesized mercury(II) complexes was successfully explored against both
the five Gram-positive and four Gram-negative bacteria. The findings demonstrated
that the studied chemicals have excellent antibacterial activities and thus have great
potential to be used as resource for health products. Bacterial resistant, to current
antibiotic agents, is a major and global problem that increased in recent years. For
this reason, the need for new antibacterial compounds is increasing scientific atten-
tion. The studied compounds, in this research work, can be considered for further
research with the aims of their medicinal usage. According to our bibliographical stud-
ies, this is the first report on the antibacterial effects of the studied chemicals.
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